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Abstract.  Rat 3Y1  cells acquire metastatic potential 
when transformed with v-src,  and this potential is en- 
hanced by double transformation with v-src and v-los 
(Taniguchi, S., T. Kawano,  T.  Mitsudomi, G. Kimura, 
and T. Baba.  1986. Jpn.  J.  Cancer Res.  77:1193- 
1197).  We compared the activity of cadherin cell ad- 
hesion molecules of normal 3Y1 cells with that of 
v-src transformed (SR3Y1) and v-src and v-los double 
transformed (fosSR3Y1) 3Y1 cells. These cells expressed 
similar amounts of P-cadherin, and showed similar 
rates of cadherin-mediated aggregation under sus- 
pended conditions. However, the aggregates or col- 
onies of these cells were morphologically distinct. 
Normal 3Y1 cells formed compacted aggregates in 
which cells are firmly connected with each other, 
whereas the transformed cells were more loosely asso- 
ciated, and could freely migrate out of the colonies. 
Overexpression of exogenous E-cadherin in these trans- 
formed cells had no significant effect on their adhesive 
properties. We then found that herbimycin A, a tyro- 
sine kinase inhibitor, induced tighter cell-cell associa- 
tions in the aggregates of the transformed cells. In 
contrast, vanadate, a tyrosine phosphatase inhibitor, 
inhibited the cadherin-mediated aggregation of SR3Y1 
and fosSR3Y1 cells but had little effect on that of nor- 
mal 3Y1 cells. These results suggest that v-src-mediated 
tyrosine phosphorylation perturbs cadherin function 
directly or indirectly, and the inhibition of tyrosine 
phosphorylation restores cadherin action to the normal 
state. We next studied tyrosine phosphorylation on 
cadherins and the cadherin-associated proteins, cate- 
nins. While similar amounts of catenins were expressed 
in all of these cells, the 98-kD catenin was strongly 
tyrosine phosphorylated only in SR3Y1 and fosSR3Y1 
cells. Cadherins were also weakly tyrosine phosphory- 
lated only in the transformed cells. The tyrosine phos- 
phorylation of these proteins was enhanced by vana- 
date, and inhibited by herbimycin A. Thus, the 
tyrosine phosphorylation of the cadherin-catenin sys- 
tem itself might affect its function, causing instable 
cell-cell adhesion. 
A  initial  process in metastasis is  the detachment of 
cells from primary tumors.  For understanding the 
mechanisms of tumor invasion and metastasis, it is 
important to unravel how cell detachment occurs. In normal 
tissues, cells are tightly associated  with each other, so that 
they are generally not allowed to migrate freely. The adhe- 
sion of cells is mediated by a variety of surface molecules. 
Among them, cadherins play a crucial role in tight associa- 
tion of cells (Takeiehi,  1991; Edelman and Crossin, 1991). 
Cadherins are a family of transmembrane glycoproteins in- 
volved  in  Ca2+-dependent cell-cell adhesion and are ex- 
pressed in all the cells that constitute solid tissues,  except 
blood cells. Evidence  has been accumulated that inactivation 
of cadherins causes the disruption of cell-cell adhesion (Ta- 
keichi, 1988, 1990). Conversely, cells to which additional 
cadherins are introduced by means of  eDNA transfection be- 
come more adhesive to each other (Takeichi, 1990). These 
observations  led us to propose that invasiveness or meta- 
static activity of tumor cells might be enhanced if cadherin 
function is  perturbed (Hashimoto et al.,  1989; Takeichi, 
1991). This idea has been supported by in vitro observations. 
For example, MDCK cells acquire invasiveness when their 
E-cadherin is inactivated with antibodies  03ehrens  et al., 
1989),  and the invasiveness of several  human carcinoma 
lines is suppressed by E-cadherin  eDNA transfection (Frixen 
et  al.,  1991). Similar  analyses  support  these  findings 
(Vleminckx et al.,  1991; Chert and Obrink,  1991; Navarro 
et al.,  1991). 
The above hypothesis was tested by examining the expres- 
sion of cadherins in human carcinomas, such as gastric ade- 
nocareinoma (Shimoyama and Hirohashi, 1991a; "lkkeiehi, 
1991; Shiozaki  et al.,  1991), hepatoma (Shimoyama and 
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1991), and mammary carcinoma (Shiozaki et al., 1991). In 
these studies, a  clear trend was observed that the tumors 
which preserve epithelial morphology, classified as undiffer- 
entiated type, express high amounts of cadherins, whereas 
the tumors which exhibit scattered morphology, classified as 
undifferentiated type, have reduced amounts of these mole- 
cules. Generally, the latter type of tumors are more invasive 
into neighboring tissues than the former. These observations 
are in accord with the idea that the loss of  cadherins may pro- 
mote tumor invasion. 
However,  contradictory phenomena have been observed. 
The differentiated-type gastric adenocarcinoma, which ex- 
presses high amounts of E-cadherin, often metastasizes to 
remote  organs,  although is  not necessarily  invasive into 
neighboring tissues (Shimoyama  and Hirohashi, 1991a). The 
cells that metastasize from these tumors generally retain the 
expression of this molecule in host organs. These phenom- 
ena imply that, in certain carcinomas, cells can disrupt their 
intercellular adhesion even in the presence  of cadherins. 
This would occur  if cadherin function were impaired by 
some mechanism. Consistent with this notion, it is impor- 
tant to note that a certain group of scattered-type tumors 
contain cells that express considerable amounts of E-cad- 
herin but never form multicellular clusters (Shimoyama and 
Hirohashi, 1991a; Takeichi, 1991), probably representing an 
extreme case of cadherin functional suppression. 
Cadherins are concentrated in the adherens-type intercel- 
lular  junctions  (AJs, L zonula  adherentes)  (Boiler  et  al., 
1985;  Geiger et al.,  1987; Volberg  et al.,  1991). In these 
junctions, cadherins form a complex with cytoskeletal pro- 
teins (Hirano et al.,  1987; Nelson et al.,  1990;  Matsuzaki 
et al., 1990).  Molecules directly associated with cadherins 
include eatenins a,/~, and 7 (Vesteweber and Kemler, 1984; 
Peyrieras et al.,  1985;  Ozawa et al.,  1989;  Ngafuchi and 
Takeichi, 1989). Recently, catenin o~ and/3 were cloned, and 
found to be similar to vinculin (Nagafuchi et al., 1991; Her- 
renknecht et  al.,  1991) and plakoglobin (McCrea  et al., 
1991),  respectively. Other work demonstrated that the as- 
sociation of  cadherins with catenins is essential for their cell- 
binding function; that is, E- or N-cadherin with partial dele- 
tions  of cytoplasmic  domains  cannot  function  either  in 
catenin-binding  or  in  cell-cell  adhesion  (Nagafuchi  and 
Takeichi, 1988, 1989;  Ozawa et al.,  1990;  Fujimori et al., 
1990).  Thus, catenins are considered to he key modulators 
of cadherin action, and their loss or aberrant action may in- 
terfere with cadherin-mediated cell-cell adhesion. If such 
changes occur in tumors, cell detachment could be induced 
even in the presence of cadherins. 
According to recent work, the transformation of cells with 
the v-src oncogene product p60  ..... leads to the disruption 
of AJs. MDCK epithelial cells lose their firm cell-cell as- 
sociation when transformed with  p60v-s% and coinciden- 
tally lose AJs, although other junctions such as tight junc- 
tions and desmosomes are left intact (Warren and Nelson, 
1987).  Similarly, chicken lens  cells  alter their  epithelial 
morphology to a fibroblastic shape and lose AJs when trans- 
formed with Rous sarcoma virus (Volberg et al., 1991). It is 
also known that cell-cell contacts are the major sites of tyro- 
1. Abbreviations used in this paper:  AJ, adherens-type intercellular junc- 
tions; TBS-Ca, TBS containing 1 mM CaCl2. 
sine  phosphorylation  (Maher  et  al.,  1985;  Maher  and 
Pasquale,  1988;  Takata and Singer,  1988).  These findings 
suggest that over tyrosine-phosphorylation directly or in- 
directly prevents AJ formation, and that AJs are required for 
stable cell-cell connections. 
The aim of the present study is to examine whether the 
function of cadherins or catenins is affected by the expres- 
sion of p60  v-~rc in rat fibroblasts.  We compared the adhesive 
and invasive properties of normal rat 3Y1 cells with those of 
3Y1  cells transformed with v-src (SR3YI)  and also double 
transformed with v-src and  v-fos oncogenes  (fosSR3Y1). 
Previous studies demonstrated that the latter two cell lines 
exhibit spontaneous lung metastases when transplanted sub- 
cutaneously in host animals, and the fosSR3Y1 cells show a 
higher metastatic activity (Taniguchi et al.,  1986;  Kawano 
et al.,  1987).  The results of the present study demonstrate 
that these transformed cells, in particular fosSR3Y1, cannot 
retain stable cell-cell associations and scatter into the cul- 
ture matrix, even though they express functional cadherins. 
We then show that intracellular tyrosine phosphorylation 
perturbs cadherin function, and that catenins and cadherins 
themselves are tyrosine-phosphorylated in the v-src trans- 
formed 3Y1 cells. 
Materials and Methods 
Cells 
The following cell lines were used: normal rat fibroblast cell line 3Y1-B 
clone 1-6 (3Y1), v-src transformant SR-3Y1-2  (SR3Y1) which was estab- 
lished by infection of 3Y1 with Schmidt-Ruppin D strain Rous sarcoma vi- 
rus, and double-oncogene transformant fos-SR-3Y1-202  (fosSR3Y1) which 
was  established by  transfection of SR3Y1 with  the  cloned  v-fos  gene 
(Tahiguchi  et al., 1986).  The cells were cultured in a  1:1 mixture of DME 
and Ham's F12 medium supplemented with 10%  FCS (DH10). 
Antibodies 
The following monoclonal and polyclonal antibodies were used: a rabbit an- 
tiserum to mouse P-cadherin (Nose et al., 1987),  rat mAb PCD-1 to mouse 
P-cadherin (Nose and lhkeichi, 1986),  rat mAb ECCD-2 to mouse E-cad- 
herin (Shirayoshi et al., 1986), mouse mAb PY-20 to phosphotyrosine (ICN 
Immuno Biologicals, Lisle, IL), and a rabbit antiserum raised against a-cat- 
enin or CAP102 (Nagafuchi et al., 1991). The rabbit anti-P-cadherin serum 
was treated at 56~  for 30 rnin to inactivate complement when used in cell 
cultures. Our preliminary studies showed that this antiserum specifically in- 
hibits P-cadherin-mediated cell aggregation, but does not inhibit the ceil 
aggregation mediated by  other cadherins.  Anti-armadillo  antibody was 
kindly provided by M. Peifer. 
Cell Aggregation 
Cadherin-mediated cell aggregation was assayed as described (Takeichi, 
1977). Briefly, cells were treated with 0.01% crystallized trypsin in the pres- 
ence of 2 mM CaClz at 37~  for 20 min, and then washed with Ca  2+- and 
Mg2+-free  Hepes-buffered (pH 7.4)  HBSS (HCMF) to obtain single cell 
suspensions. Ceils suspended in HCMF with or without I mM CaC12 were 
placed in wells of a 24-well plate (model 143982;  Nunclon, Roskilde, Den- 
mark) and incubated to allow aggregation for 30 rain at 37~  on a gyratory 
shaker rotating at 80 rpm. The degree of cell aggregation was represented 
by the index N3o/N0, where No is the total cell number per well and N30 
is the total particle (single cells plus cell clusters) number per well at 30 
rain of incubation. 
For culturing cells in suspension for longer periods, cells prepared as 
above were suspended in DH10,  placed in 3.5- or 5-cm plastic dishes and 
incubated on the gyratory shaker in a 5 % COz incubator. 
Collagen Embedded Culture and Dispersion Index 
Type I collagen stock solution (Cell Matrix Type I-A; Nitta Gelatin, Osaka, 
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to achieve a 0.2 % (wt/vol) final concentration of collagen, according to the 
manufacturer's instructions, and 10% FCS was added to this mixture.  0.5 
ml of this solution was placed on a 5-cm dish as the basal layer. After poly- 
merization at 37~  for 30 rain, 3 ml of the same collagen solution but con- 
taining 5 x  102 cells/ml was overlaid on the basal collagen layer, and again 
allowed to polymerize at 37~  for 30 rain. 3 mi of DHI0 was then added 
to the top of collagen gel, and cells were cultured. 
In the collagen gel cultures, each cell grew to form a three-dimensional 
colony. To measure the degree of cell dispersion in the colonies, the number 
of particles (isolated cells plus cell clusters)  constituting each colony was 
counted under an inverted microscope after %13 d in culture.  This number 
was divided by total cell number per colony,  which was estimated by cell 
counting after digestion of the collagen with collageoase,  and the obtained 
values were defined  as the dispersion index. In this assay, colonies with 
100% dispersion have a value of one, and those with lower degrees of cell 
dispersion give smaller values.  Colonies with •30  cells were chosen for 
this assay. 
Assay of  Cell Migration 
Cover slips were coated with 0.03% collagen dissolved in 0.02 N acetic acid 
for 12 h at room temperature and dried. These cover slips were further 
coated with colloidal gold particles according to Albrecht-Buehler and 
Goldman (1976) and thoroughly rinsed with HCME Onto these coverstips, 
cells were seeded in a density of 1 x  103 cells per cover slip and cultured 
with DH10 for 12 or 24 h. The areas where cells had removed colloidal gold 
particles were measured using an image analyzer (Digitizer UO 9864A; 
Hewlett-Packard,  Palo Alto, CA). Single and paired ceils, the latter gener- 
ated by cell division, were chosen in the samples incubated for 12 and 24 h, 
respectively. 
E-Cadherin eDNA Transfection 
Cells were cotransfeeted with the plasmid pSV2hph encoding the hygromy- 
cin resistance gene (Gritz and Davies,  1983)  and pBATEM2  encoding 
E-cadberin (Nose et al.,  1988) or pBATEM21 encoding a mutant E-cad- 
herin whose carboxy-terminal 37 amino acids were deleted (Nagafuchi and 
Takeichi,  1989) at a molar ratio of I:10 using a calcium phosphate or elec- 
troporation method. Stable transformants were then selected by hygromy- 
cin, and screened for E-cadherin expression. 
lmmunofluorescence Cytochemistry 
Cells cultured on coverslips  were briefly rinsed with HCMF containing 1 
mM CaC12 (HMF) and fixed with 3.5% paraformaldehyde in HMF for 30 
rain at 4"C.  After rinsing with 50 mM TBS,  pH Z4, containing 1 mM 
CaCl2 (TBS-Ca), the fixed cells were extracted with methanol at -20~ 
for 10 min, and rinsed again with TBS-Ca.  Cells were then treated with 5 % 
skim milk in TBS-Ca for 30 rain, and subsequently incubated with antibod- 
ies against cadherins in TBS-Ca containing 5% skim milk for 60 rain at 
room temperature. After washing with TBS-Ca, the samples were finally 
incubated with fluorescence-labeled second antibodies diluted with 5% 
skim milk in TBS-Ca for 60 rain at room temperature.  After washing with 
TBS-Ca and then briefly with distilled water, the preparations were mounted 
with 90% glycerol-10 % TBS-Ca containing paraphenylenediamine to pre- 
vent bleaching (Johnson and Noguera-Araujo,  1981), and examined using 
a Zeiss fluorescence microscope  (Carl Zeiss, Inc., Thornwood,  NY). 
lmmunoprecipitation 
To detect radiolabeled cadherins and cadherin-associated  proteins by immu- 
noprecipitation, cells in a 5-cm dish were incubated in 2 ml of methionine- 
free MEM supplemented with 2 % FCS and 100 t~Ci/ml of [35S]methionine 
for 12 h at 37~  They were lysed with 1 ml of the extraction buffer,  1% 
Triton X-100,  1%  NP-40,  1 mM  CaC12, 2  mM  PMSF,  and 20 mg/ml 
leupeptin in 50 mM TBS, pH 7.4, and centrifuged at 100,000 rpm for 30 
rain. To immunopreeipitate E-cadherin, the supernatant was preabsorbed 
by incubation with 100 #1 of anti-rat Ig conjugated Sepharose (Pharmacia 
LKB Biotechnology,  Uppsala, Sweden) for 30 rain, and aRcr removing the 
beads, the solution  was mixed  with t0 t,l of the rat mAb ECCD-2 solution 
and placed for 60 rain, and then incubated with 100 p,l of the anti-rat Ig 
conjugated Sepharose for 60 rain. The beads were collected by centrifuga- 
lion, washed 5 times with the extraction buffer, then suspended in 100 #I 
of a SDS-lysis buffer with 5 % mercaptcethanol, and boiled for 5 rain. The 
released materials were analyzed by SDS-PAGE.  The gels were then sub- 
jected to fluorography  using the DMSO-PPO (2,5.diphenyloxazole)  en- 
hancing system as described previously ~nner  and Lasky,  1974). 
To detect phosphotyrosine in eadherin-catenin complexes,  cells con- 
fluent in a 10-era dish were pretreated with 0.2-1 mM sodium orthovanadate 
in the presence or absence of 3 mM hydrogen peroxide added to DH10 for 
varying times at 37~  and lysed with the above extraction buffer sup- 
plemented with tmM ortho~anadate and 3 mM hydrogen peroxide.  These 
cells were subjected to immunopreeipitation as described above, and fur- 
ther subjected to immunoblotting. 
Iramunoblo~'ng 
Samples were separated by SDS-PAGE using 7.5 % polyacrylamide gels. Af- 
ter electrophoresis, proteins were transferred to nitrocellulose sheets.  The 
transferred sheets were incubated with mAbs or polyelonal  antisera, fol- 
lowed by incubation with z25I-labeled  anti-mouse Ig, anti-rat Ig or Protein 
A (Amersham International, Amersham, UK) depending on the type of pri- 
mary antibody. Radiolabeled electrophoretic bands were visualized by sub- 
jecting the transfers to antoradiagraphy. 
Results 
Cadherin Expression and Activity in 3Y1 Cells and 
Their Transformants 
To determine which types of cadherin are expressed in 3Y1 
cells, their reactivity to antibodies to various cadherins was 
tested by immunoblot analysis. Antibodies to mouse P-cad- 
herin recognized a single 120-kD band in the blots of lysates 
of these cells (Fig.  1, lane/). An antiserum raised against 
the cytoplasmic domain of E-cadherin, which is known to 
recognize multiple types of cadherin, also showed a single 
120-kD  band. Other anti-cadherin antibodies did not react 
with 3Y1 cells. P-cadherin, therefore, seems to be a major 
cadherin expressed in this cell line.  Cells of the 3Y1  line 
transformed with v-src (SR3Y1) or double transformed with 
v-src and v-los (fosSR3Y1) expressed  similar amounts of 
P-cadherin (Fig. 1, lanes 2 and 3). We also found that these 
three cell lines expressed similar amounts of c~-catenin, a 
cadherin-associated protein (Fig.  1, lanes 4-6). 
The cell-binding activity of cadherins expressed in these 
cell lines was assayed. Cell lysates were dispersed into single 
cells by treatment with trypsin in the presence of Ca  :+ (TC- 
treatment), which is known to leave cadherins intact but to 
temporally remove all other ceil-cell adhesion molecules 
(Takeichi,  1977, 1988),  and they were allowed to reaggre- 
gate for 30 min on a gyratory shaker. Cells of all the lines 
aggregated in the presence of 1 mM Ca  2+, but did not ag- 
gregate in the absence of this ion (Fig. 2 A, m). Anti-P-cad- 
herin antibody partly inhibited the Ca~+-dependent  aggre- 
gation of all of these cells (Fig. 2 A,  III). The incomplete 
inhibitory effect of this antibody is probably due to either its 
insufficient titer or the presence of other cadherins which 
were not detected in the above immunoblot analysis. The 
transformed lines tended to show lower aggregation rates 
than the normal line, but this tendency fluctuated from ex- 
periment to experiment. Between the two transformed lines, 
there was no difference in the aggregation rate. 
When  these  cells  were  incubated  overnight  in  DH10 
medium under suspension conditions on a gyratory shaker, 
normal 3Y1 ceils formed compacted aggregates with smooth 
surfaces (Fig. 2 B, a). When the antiserum specific to P-cad- 
herin was added to these cultures, ceils tended to become 
rounded (Fig. 2 B, b), although not dispersed probably be- 
cause of the incomplete inhibitory effect of this antiserum 
(see above). Decompaction was also induced by transferring 
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and c~ catenin. Lanes 1 and 4, 3Y1; lanes 2 
and 5, SR3Y1; lanes 3 and 6, fosSR3Y1. Low- 
er molecular weight bands are degradation 
products, or proteins with which the antibod- 
ies reacted nonspecifically. P-cad, P-cadhe- 
rin;  c~-cat, c~  catenin.  Molecular  weight 
markers of 200,  116, 97.4, and 66.2 kD are 
indicated by lines at left. 
these aggregates in a  Ca2§  medium (data not shown). 
These results suggest that P-cadherin and other unidentified 
cadherins, if present, is involved in compacting 3Y1 cell ag- 
gregates. SR3Y1 and fosSR3Y1 cells aggregated much more 
loosely than normal cells.  Cells in those aggregates were 
round and the outlines of the cells could easily be seen (Fig. 
2  B, c  and d).  Anti-P-cadherin antiserum as well as Ca  2+ 
removal had no obvious effect on their morphology. These 
results suggest that the transformed cells cannot use cadhe- 
rins for their compaction, although they can use them for 
their initial aggregation, as shown above. 
Colony Morphology in Collagen Gels 
To assess the invasiveness of these cells, we cultured them 
in collagen gels. when they were embedded in collagen gels 
at a  low density, each cell grew into a  three-dimensional 
colony. Morphology of the colonies was, however, different 
among the cell lines. Normal 3Y1 cells gave rise to colonies 
with a dendritic morphology and with smooth surfaces, in 
which the cells appeared to be tightly associated with each 
other (Fig. 3 a). Cells rarely migrated out of the colonies. 
SR3Y1  also  formed dendritic colonies.  In these colonies, 
however, the outlines of individual cells could be seen, sug- 
gesting  that their associations are loose.  Moreover,  some 
cells were released  from the  main  body of colonies and 
migrated  out  into  the  matrix  (Fig.  3  c).  fosSR3Y1  cells 
showed more dispersed colonies (Fig. 3 d). They consisted 
of scattered single cells or small cell clusters.  To quantify 
these phenomena, we counted the number of single cells and 
cell clusters comprising each colony. The results of  this anal- 
ysis confirmed the above morphological observations (Fig. 
4,  I).  These differences among the cell lines were always 
found during their clonal growth. In summary, normal 3Y1 
cells achieved firm intercellular adhesion, SR3Y1 cells were 
loosely associated with each other, and fosSR3Y1 cells scat- 
tered in collagen gels. 
To examine how P-cadherin is involved in the formation of 
colonies  in  collagen gels,  we  tested  the  effect of anti-P- 
cadherin antiserum. When this antibody was added to the 
collagen gel cultures, 3Y1 colonies were dissociated into sin- 
gle cells or small cell clusters (Fig. 3 b) although preimmune 
serum had no effect. SR3Y1 and fosSP,3Y1 colonies did not 
clearly respond to the antiserum,  probably because their 
colonies were already dissociated. These results again indi- 
cate that P-cadherin is functioning in normal 3Y1 cells, but 
not effectively used by SR3Y1 and fosSR3Y1  cells. 
The  scattering behavior of the transformed cells might 
have been due to high migratory activity. To estimate such 
activity of these cell lines, cells were plated at low density 
onto coverslips coated with collagen and then with colloidal 
gold particles. Cells remove colloidal gold particles in the 
areas where they move, as reported previously (Albrecht- 
Buehler and Goldman,  1976).  We measured such "clean" 
areas formed by a single cell or a pair of cells after certain 
culture periods; under these conditions, the effect  of  cell-cell 
contact on cell mobility was minimized. The results of this 
assay showed that the transformed cells migrated to produce 
only slightly wider  areas  than the  normal  cells  (Fig.  5). 
When the  two  transformed lines  were  compared,  SR3YI 
migrated more actively than fosSR3Y1. Thus, the migratory 
activity of these cells did not correlate with their scattering 
activity. 
All of the results described above were obtained using a 
clonal line of v-src transformed 3Y1 cells and its derivatives. 
To establish the generality of these observations, we per- 
formed the same series of experiments using two other inde- 
pendent clones of v-src transformed 3Y1 cells and obtained 
essentially the same results (data not shown). 
Effect of  Overexpression of  E-cadherin 
The above results suggest that P-cadherin cannot maintain 
stable contacts between the transformed cells, in particular 
The Journal of Cell Biology, Volume 118,  1992  706 Figure 3. Cell colonies in collagen gels. (a) A colony of 3Y1 cells 
cultured for 13 d.  (b) The same colony as in a was incubated for 
24 h in the presence of anti-P-cadherin  antiserum.  (c) A colony of 
SR3YI cells. (d) A colony of fosSR3Y1 cells. The transformed lines 
were cultured for 7 d.  Bar, 100/~rn. 
Figure 2. Aggregation of cells. (.4) Aggregation of TC-treated 3Y1, 
SR3Y1 (SR) and fosSR3YI (fosSR)  cells.  Culture  medium  con- 
tained  1 mM CaC12, except in the cases shown as  -Ca. Anti-P 
represents the medium that was supplemented with 500 ~g/ml anti- 
P-cadherin antibodies. (=) Untransfected parent lines; (n) control 
hygromycin-resistant lines without E-eadherin cDNA;  (~) E-ead- 
herin-transfected  lines. Values represent the mean of 6 wells with 
SE. (B) Cell aggregates cultured overnight in suspension. (a) 3Y1; 
(b) 3Y1 in the presence of anti-P-cadherin  antiserum diluted  1 to 
100, containing ,,o100 tLg/ml antibodies; (c) SR3Y1; (d) fosSR3Yl; 
(e) SR3Y1 incubated with herbimycin A; and (f) fosSR3Y1 incu- 
bated with herbimycin A. Bar, 50 ~m. 
between fosSR3Y1  cells. We then examined whether stable 
cadherin-mediated contacts can be restored by overexpres- 
sion of exogenous cadherins in the transformed cells.  Cells 
of each line were transfected with mouse E-cadherin eDNA, 
and clones expressing exogenous E-cadherin were isolated. 
These clones included 3Y1E1 and 3Y1E2 obtained from 3Y1 
cells,  SRE1,  SRE2,  and  SRE3  from  SR3Y1 cells,  and 
fosSRE1,  fosSRE2,  and  fosSRE3  from  fosSR3Y1  cells. 
Transfected  lines  with  the  hygromycin-resistant  gene  but 
without  E-cadherin  eDNA were also isolated as  controls, 
designated as 3Ylhr, SRhr, and fosSRhr for each parent line. 
The use of E-cadherin is of advantage in distinguishing be- 
tween the exogenous and endogenous cadherins, since these 
lines normally lack this particular cadherin. 
Fig. 6 shows an immunoblot analysis of the expression of 
exogenous  E-eadherin  and  endogenous  P-cadherin  in  the 
parent and transfected lines. All the E-eadherin eDNA trans- 
fected  lines  shown  in  the  figure  expressed  considerable 
amounts of this molecule together with endogenous P-cad- 
herin. It was observed, however, that the expression of exog- 
enous E-cadherin affected that of endogenous P-cadherin in 
some lines.  P-cadherin expression tended to be suppressed 
and  its  band  on  immunoblot  became  a  doublet  if large 
amounts of E-cadherin were expressed (for example, lanes 
SRE1  and  fosSRE1  in  Fig.  6).  These results  suggest that 
some interference occurs between the  expression of these 
two proteins. 
Exogenous E-cadherin was expressed on the surface of the 
transfected lines,  as judged from the observations that the 
Ca2*-dependent aggregation of all these  E-cadherin  trans- 
fectants was partially inhibited by anti-E-cadherin antibod- 
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Figure 4. Dispersion of 3Y1, SR3Y1 (SR),  and fosSR3Y1 (fosSR) 
cells in collagen gets. (m) Untransfected lines; ([]) control hygro- 
mycin-resistant lines without E-cadherin cDNA;([]) E-cadherin- 
transfected lines. Values represent the mean of  20 colonies with SE. 
See Materials and Methods for definition of the dispersion index. 
Figure 5. Migration of cells on collagen- and colloidal gold-coated 
dishes.  (1) Cells  cultured  for 12 h,  and the  areas  where  single 
cells had migrated were measured.  ([]) cells cultured for 24 h, and 
the areas where pairs of  divided cells had migrated were measured. 
Photographs show examples of these cultures. Values represent the 
mean of 50 areas with SE.  (SR) SR3Y1; (fosSR) fosSR3Y1. 
ies (data not shown).  Cadherin-mediated aggregation was, 
however, not significantly enhanced by E-cadherin expres- 
sion (Fig.  2,  []).  These E-cadherin-transfected normal and 
v-src transformed cells were cultured under suspended con- 
ditions  overnight.  Their aggregates showed essentially the 
same morphology as the parental cells' aggregates.  These 
cells were also cultured in collagen gels. The expression of 
exogenous E-cadherin, however, did not alter the dispersing 
nature of the v-src transformed lines (Fig. 4,  []).  Thus, the 
addition  of exogenous  E-cadherin  had  little  effect on  the 
adhesive properties of these cells, suggesting that the activity 
of cadherins is already as high as possible in the parental cell 
lines. 
Immunofluorescent Localization of Cadherins 
On plastic culture dishes, 3Y1 cells formed contact-inhibited 
monolayers, in which the ceils were closely associated with 
each other. In contrast, SR3Y1 and fosSR3Y1  formed more 
dispersed colonies. E-cadherin-transfected cells showed the 
same morphology as the corresponding parental lines (Fig. 
7, a-c). 
Monolayer  cultures  of these  cell  lines  were  immuno- 
stained for E- or P-cadherin. These molecules were concen- 
trated at cell-cell contact sites in all of the cell lines exam- 
ined,  but  their  staining  patterns  differed  with  the  lines. 
Normal 3Y1 or its E-cadherin transfectants showed complex 
immunoreactive  cell-cell  boundaries.  Their  edges  in  the 
cell-cell  contact  sites  overlapped  with  fine  processes  or 
filopodia, and the overlapping zones of cell surface exhibited 
strong P- or E-cadherin  staining  (Fig.  7  d).  SR3Y1 or its 
E-cadherin transfectants also showed irregular immunoreac- 
five cell-cell boundaries with overlapping fine processes, but 
the overall pattern of staining was less complex than in nor- 
mal 3Y1 cells (Fig. 7 e).  The morphology of cell-cell con- 
tacts in fosSR3Y1 or its E-cadherin transfectants was the sim- 
plest; immunoreactive lines that demarcate the apposed cells 
were sharp and smooth, and there was no overlapping of cell 
edges (Fig. 7f). These observations suggest that normal 3Y1 
cells can establish the largest cell-cell contact areas via mul- 
tiple cell-cell contacts, and such areas are reduced in SR3Y1 
and especially in fosSR3Y1  cells. We also found a tendency 
that more cadherin molecules distribute on free cell edges 
in the transformed cells. 
Effect of  Herbimycin A  and Vanadate on 
Cell Aggregation 
To  examine  whether  the  peculiar  adhesive  properties  of 
v-src transformed 3Y1 cells are linked with the action of the 
p60  .... tyrosine kinase,  we tested the  effect of herbimycin 
A,  a  specific inhibitor of tyrosine kinases  (Uehara et al., 
1988,  1989; Murakami et al.,  1988),  on cadherin function. 
SR3Y1 and fosSR3Y1  cells which had been dispersed were 
cultured  overnight  in  suspension  in  the  presence  of 0.2 
mg/ml  herbimycin  A,  under  the  same  conditions  as  de- 
scribed for Fig.  2 B,  c  and d.  These cells aggregated nor- 
mally  during  the  incubation,  but  the  morphology of the 
resultant aggregates was quite distinct from that of the ag- 
gregates formed in the absence of herbimycin A. This antibi- 
otic induced compaction in the v-src transformed 3Y1 cell ag- 
gregates (Fig. 2 B, e and f), suggesting that cadherins now 
can normally function in these cells. 
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tins in cells  transfected  with E-cadherin 
cDNA. (A) Endogenous P-cadherin.  (B) 
Exogenous E-cadberin.  Total proteins  in 
each  sample  were adjusted  to be  equal 
for all  lanes.  (SR)  SR3Y1; (fosSR)  fos- 
SR3Y1. E/, E2,  and E3 represent clones 
with exogenous E-cadherin, and hr repre- 
sents hygromycin-resistant  clones without 
E-cadherin. 
Figure 7. Immunofluorescent staining  for E-cadherin. (a and d) Normal 3Y1E2 cells.  (b and e) SRE2 ceils.  (c and f) fosSRE2 cells.  (a, 
b, and c) Phase-contrast microphotographs. (d, e, and  f) Immunofluorescence microphotographs of  the same fields as in a, b, and c. Similar 
results  were obtained by staining  for endogenous P-cadherin.  Bars,  10/~m. 
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Cell Aggregation 
Percent inhibition of aggregation* 
Concentration 
of vanadate  3Y 1  SR3Yl  fosSR3Y1 
mM 
0.2  6.8  +  1.8  56.4  5:2.7  74.7 •  4.1 
0.5  10.3 •  3,7  74.8  •  5.2  84.1  •  1.3 
* Cells were preincubated in DH10 medium  containing vanadate for 2 h, dis- 
sociated by TC-treatment  and allowed to aggregate for 30 rain in the absence 
of vanedate. After  obtaining the aggregation  index N3o/N0, percent inhibition 
of aggregation  was calculated  as described by Urushihara  et al. (1979). Values 
are the means of triplicate cultures with SE. 
Next, we designed an opposite type of experiment. The 
treatment of cells with vanadate is known to inhibit phos- 
photyrosyl protein phosphatases, and consequently enhance 
tyrosine phosphorylation (Brown and Gordon, 1986). To test 
the effect of this reagent on cadherin  activity, normal and 
v-src-transformed  3Y1  cells  in  monolayer  cultures  were 
treated  with 0.2-0.5  mM vanadate in  DME  for 2  h,  dis- 
sociated by TC-treatment, and used for cell aggregation as- 
say. As summarized in Table I while this pretreatment of cells 
showed only small effects on cadherin-mediated aggregation 
of normal 3Y1 cells, it strongly inhibited that of SR3Y1 and 
fosSR3Yl ceils; stronger effects were observed for fosSR3Y1. 
Thus, the enhancement of tyrosine phosphorylation led to a 
more severe perturbation of cadherin function. 
The effect of herbimycin A and vanadate on the invasive- 
ness of these cells could not be tested, since these reagents 
were slightly toxic to 3Y1  cells and their transformants in 
long-term cultures. 
~rosine Phosphorylation of Catenins and Cadherins 
Cadherin-mediated cell adhesion is thought to be regulated 
by a group of cytoplasmic proteins called catenins. We thus 
examined the expression of catenins in the above cells. In the 
following experiments,  we  used untransfected  and  E-cad- 
herin-transfected  lines  for  analyzing  catenins  associated 
with P- and  E-cadherin,  respectively, and obtained essen- 
tially the same results.  Since we could provide better con- 
trois for the experiments of E-cadherin by using its mutant 
molecule, the results obtained with this cadherin are shown 
below as representatives. 
E-cadherin  was  immunoprecipitated  from  lysates  of 
3Y1E2,  SR3E2,  and fosSRE2 cells labeled with [3sS]methi- 
onlne, and the materials precipitated were analyzed by elec- 
trophoresis.  A  few components coprecipitated with E-cad- 
herin,  and  their  electrophoretic  patterns  were  similar  in 
normal and transformed cells (Fig.  8 A). Of the coprecipi- 
tated materials, the major 102- and 98-kD bands probably 
correspond to catenin a  and/~, respectively, as inferred from 
their molecular weight (Ozawa et al., 1989). To confirm this 
identification, we used an antiserum against catenin a, and 
found that it reacted with a  102-kD band in the immunopre- 
cipitates, not only in normal 3Y1E2 cells but also in the trans- 
formed lines (Fig.  8 B  and also see Fig.  1, lanes 4-6).  We 
obtained essentially the same results by immunoprecipitat- 
ing P-cadherin from untransfected lines. Thus, we could not 
detect significant differences in  catenin expression among 
the cell lines used. 
Figure 8. Electrophoretic detection of eadherin-associated  proteins. (,4) Fluorography of 3sS-labeled materials coprecipitated with E-cad- 
herin from 3Y1E2 (lane 1), SRE2 (lane 2), and fosSRE2 (lane 3). Lane 4 shows materials which nonspecifically bound to the immunoadsor- 
bents in the absence of anti-E-cadherin antibody. Immunoprecipitates  for each lane were collected from the same number of cells.  (B) 
Immunoblot  detection of  ct catenin in the E-cadherin-catenin complexes. Nonradiolabeled E-cadherin-catenin  complexes were immunopre- 
cipitated, transferred onto a nitrocellulose filter, and subjected to immunoblotting. Lanes are the same as in A, except lane 4 which contains 
materials coprecipitated  with a truncated  form of E-cadherin  whose catenin-binding  sites were deleted.  The cells line with this mutant 
E-cadherin,  SRAE, was obtained by transfecting SR3YI cells with pBATEM21. Note no r  catenin on this lane. Lower molecular weight 
bands represent nonspecific reactions of the antibody. (C) Immunoblot detection of phosphotyrosine in the E-cadherin-catenin  complexes 
using PY-20 antibody. Lane 1, 3Y1E2; lane 2, SRE2; lane 3, fosSRE2; lane 4,  SRAE expressing the truncated  E-cadherin  without the 
catenin-binding sites. In C, the amount of proteins loaded was so adjusted that each lane contains the same amount of E-cadherin.  (E-cad) 
E-cadherin;  (AE) the truncated  E-cadherin;  (c~-cat) c~ catenin. Molecular weight markers of 200,  116, 97.4 and 66.2 kD are indicated by 
bars at right of each panel. 
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phorylated at tyrosine residues in these cells, using the same 
E-cadherin  transfected lines  as  above.  To  detect tyrosine 
phosphorylation with a  high sensitivity, cells  were prein- 
cubated with 1 mM vanadate and 3 mM hydrogen peroxide 
for 20 min for inhibiting phosphatases, as recommended by 
Volberg  et al.  (1991), and then E-cadherin-catenin com- 
plexes were immunoprecipitated, blotted, and examined for 
reactivity to mAb PY-20 that specifically recognized phos- 
photyrosine (Fig. 8 c). In normal cells, the PY-20 antibody 
recognized two faint bands of 98 and 85 kD. In SRE2 and 
fosSRE2  cells,  however,  the  98-kD  band  very  strongly 
reacted  with  the antibody.  This  98-kD  band  is  probably 
/3-catenin, because it comigrated with a band recognized by 
anti-Drosophila  armadillo  antibody  which  was  recently 
shown to cross react with this catenin (Peifer et al.,  1992). 
The 85-kD band also intensely reacted with the PY-20 anti- 
body in fosSRE2. Furthermore, E-cadherin weakly reacted 
with this antibody in both SRE2 and fosSRE2. As a control, 
materials coprecipitating with a mutated E-cadherin whose 
catenin-binding sites are deleted were also examined (Fig. 8 
C, lane 4). With this molecule, no positive bands were de- 
tected at the putative positions for catenins, confirming that 
the above bands are cadherin-associated proteins. In addi- 
tion, we found that this deleted E-cadherin more strongly 
reacted with the antibody to phosphotyrosine than normal 
E-cadherin. To confirm that the PY-20 antibody indeed rec- 
ognized phosphotyrosine in the above immunoblotting, we 
tested the effect of free phosphotyrosine added to the anti- 
body solution. 5 mM phosphotyrosine completely inhibited 
the reaction of PY-20 antibody to the above bands, whereas 
the same concentration of phosphoserine and phosphothreo- 
nine had no effect. 
We then tested whether the preincubation of cells with 
vanadate, that was shown to suppress cadherin action (Table 
I), affects tyrosine phosphorylation on cadherin and cate- 
nins. SRE2 and fosSRE2 cells were treated for 2 h with or 
without 0.5 mM vanadate under the same conditions that its 
effect on cadherin activity was assayed; hydrogen peroxide 
was not included in the present test solution. As shown in 
Fig. 9 A, the PY-20 antibody did not react with the E-cad- 
herin-catenin complex isolated from the cells not treated 
with vanadate, whereas it recognized the 98-kD catenin and 
also weakly detected the 85-kD catenin in the cells incubated 
with vanadate. 
We  also  tested  the  effect of herbimycin A.  SRE2  and 
fosSRE2 cells were incubated overnight with or without 0.2 
#g herbimycin A.  The  results  showed that this  antibiotic 
abolished tyrosine phosphorylation of catenins (Fig. 9 B). 
Less tyrosine phosphorylation in these samples as compared 
with those in Fig.  8  C is probably due to the absence of 
hydrogen peroxide in the solutions used for cell treatments. 
Discussion 
Generally, cells are tightly associated with each other when 
cadherins are active, but their associations are loosened if 
these adhesion molecules are inactivated or removed (Ta- 
keichi, 1991). Such phenomena were in fact observed with 
normal 3Y1 cells in the present study. They formed compact 
aggregates, but this compacted state was lost by the treatment 
with antibodies to P-cadherin.  The adhesive properties of 
Figure  9.  Effect  of vanadate and herbimycin A on tyrosine phos- 
phorylation of the E-cadherin-catenin complexes. E-cadherin im- 
munoprecipitates were collected from cells  after the  following 
treatments and analyzed by immunoblotting  using PY-20 antibody. 
(A) Cells were incubated without (lanes 1 and 2) or with 0anes 3 
and 4) 0.5 mM vanadate  for 2 h. (B) Cells were incubated overnight 
without (lanes 1 and 2) or with (lanes 3 and 4) 0.2 #g herbimycin 
A. Before harvesting the cells, 0.5 mM vanadate was added and in- 
cubated for 2 h. Lanes I and 3, SRE2; lanes 2 and 4, fosSRE2. Mo- 
lecular weight  markers of 200, 116, 97.4, and 66.2 kD are indicated 
by bars to the side of each panel. 
v-src  transformed 3Y1  cell lines were,  however,  unusual. 
Even though these cells expressed P-cadherin, they could not 
form compact aggregates, and moreover, their colonies were 
spontaneously dissociated in collagen gel cultures. This ten- 
dency was enhanced by introduction of the v-fos gone into 
these cells. The expression of exogenous E-cadherin in these 
v-src transformed cells via eDNA transfection produced no 
effects on their invasive behavior. This finding is in contrast 
with the results using other cell lines such as L and carci- 
noma cells. L cells that have no endogenous eadhedn grow 
as dispersed colonies, but they form nondispersed colonies 
when transfected with cadherin cDNAs (Nagafuchi et al., 
1987; Hatta et al.,  1988;  McNeill et al.,  1990;  Chen and 
Obrink, 1991), and certain lines of invasive tumor cells lose 
their invasiveness when transfected with E-cadherin eDNA 
(Frixen et al., 1991; Vleminckx et al., 1991). These observa- 
tions imply that v-src and v-src/v-fos  transformed 3YI cells 
are provided with some mechanism that interferes with cad- 
herin function. 
There might be several factors that could theoretically per- 
turb cadherin-mediated cell-cell contacts, four examples of 
which follow.  First, if cells are highly mobile, they might 
disrupt their intercellular contacts by the force of  movement. 
It was shown that fosSR3Y1 cells change their shape more 
frequently than SR3Y1 cells (Taniguchi et al., 1989). Our as- 
say of the migration of these cell lines, however, showed no 
correlation between the mobility and scattering abilities of 
cells.  Second,  higher adhesiveness  of cells  to  substrates 
might facilitate cell dispersion. A previous study, however, 
showed that SR3Y1 and fosSR3Y1 are similar in their ability 
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al.,  1989).  Third, the colonies of fosSR3Y1 cells are mor- 
phologically reminiscent of those of cells treated with "scat- 
ter factor" (Stoker et al.,  1987),  whose receptor is now 
known  to  be  the  met  tyrosine  kinase,  A  recent  report 
describes the data that scatter factor induces cell dispersion 
without affecting cadherin expression or overall cadherin 
phosphorylation (Weidner et al.,  1990).  These results are 
similar to the present findings. However, we could not obtain 
any evidence that the transformed 3Y1 cells produce such a 
factor; that is,  culture  supernatants  of v-src-transformed 
cells had no effect on morphology of normal 3Y1 cells and 
also MDCK cells which are known to be sensitive to scatter 
factor (N. Matsuyoshi and M. Takeichi, unpublished obser- 
vations). Fourth, if proteases are more active in transformed 
cells, they might digest cadherins. We showed, however, that 
scattering of  the transformed 3Y1 cells occurs in the presence 
of intact cadherins. Thus, none of the above cellular proper- 
ties or factors seem to play a primary role in inducing the 
dispersion of v-src-transformed  3Y1  cells,  although they 
might be indirectly involved in such a process. 
We,  then,  have  to  consider  the  possibility  that  the 
cadherin-mediated adhesion mechanism itself is impaired by 
v-src and v-src/v-fos transformation, v-src transformed 3Y1 
cells can aggregate via cadherins as normal cells do in sus- 
pension cultures, indicating that these molecules can nor- 
mally function for initial cell aggregations. Morphological 
observations, however,  suggest that the cadherin adhesion 
system is not entirely normal in the transformed cells. In 
aggregation cultures,  normal 3Y1  cells spread onto other 
cells  after their  initial  attachment,  forming compact ag- 
gregates. This spreading is mediated by cadherins, because 
antibodies to them induced decompaction and rounding up 
of  the  cells.  In  contrast,  v-src-transformed  cells  never 
formed such compact aggregates. Immunostaining also dem- 
onstrated that normal 3Y1 cells form complex ceU-ceU junc- 
tions with their cadherin-positive processes, but fosSR3Y1 
cells did not show such structures; their intercellular adhe- 
sions were mediated by the simple apposition of smooth cell 
surfaces. SR3Y1 cells exhibited an intermediate morphology. 
The rounded shape of v-src transformed cells in their ag- 
gregates is  reminiscent of the cell morphology observed 
when cells assemble with Ca2+-independent cell-cell adhe- 
sion molecules, such as Ig superfamily adhesion molecules 
(Edelman  and  Crossin,  1991), under  conditions  where 
cadherins are inactivated, as shown in this and other studies 
(Takeichi,  1977; Atsumi and Takeichi,  1980;  Ogou et al., 
1982;  Shirayoshi et al.,  1983;  Yoshida-Noro  et al.,  1984). 
These observations suggest that the cadherin adhesion sys- 
tem generally induces the spreading of cells onto other ceils, 
which allows ceils to maximize their cell-cell contact area, 
but this mechanism does not seem to operate in v-src-trans- 
formed 3YI cells. The results of the effect of two reagents, 
herbimycin A and vanadate, on cell-cell adhesion strongly 
suggest that the abnormality in cadherin action in v-src trans- 
formed 3Y1 cells is somehow linked with intracellular tyro- 
sine phosphorylation. The v-src transformed 3Y1 cells could 
form compacted aggregates, when treated with herbimycin 
A which specifically inhibits tyrosine kinases (Uehara et al., 
1988, 1989; Murakami et al., 1988),  suggesting that normal 
cadherin-dependent adhesion was restored by a reduction of 
tyrosine phosphorylation. Conversely, vanadate,  which is 
known to  enhance tyrosine phosphorylation (Brown  and 
Gordon, 1986),  inhibited cadherin-mediated aggregation of 
the v-src transformed cells. It is thus obvious that high levels 
of  intracellular  tyrosine  phosphorylation  interfere  with 
cadherin action. Previous studies demonstrated that the AJ 
which are the sites for cadherin localization disappear in 
cells transformed with the v-src gene (Warren and Nelson, 
1987;  Volberg  et al.,  1991), suggesting that the cadherin 
adhesion system is structurally disrupted by over tyrosine 
phosphorylation. The cadherin system under  such condi- 
tions may not be able to exert its full function, resulting in 
uncompacted and reversible  cell-cell  associations as  ob- 
served in this study. 
Cadherins are associated with cytoskeletal proteins, and 
this association seems to be mediated by catenins (Nagafuchi 
and Takeichi, 1989; Ozawa et al., 1990).  Mutated cadherin 
molecules whose catenin-binding sites are deleted cannot 
bind to the cytoskeleton and concomitantly lose their cell 
binding function, This indicates that catenins play a central 
role in cadherin function. Interestingly, we found that some 
catenins and cadherins themselves can be  tyrosine phos- 
phorylated in v-src-transformed 3Y1  cells. Tyrosine phos- 
phorylation of the 98-kD catenin was especially interesting, 
because it was induced when cells were treated with vana- 
date, and, on the contrary, it was abolished by herbimycin 
A treatment. Recently, we found that v-src transformation of 
chicken fibroblasts strongly inhibits N-cadherin action and 
also  induces  tyrosine  phosphorylation  of  catenins  and 
N-cadherin  (M.  Hamaguchi,  N.  Matsuyoshi,  and  M. 
Takeichi,  unpublished results). Thus, there is a correlation 
between  the  suppression  of  cadherin  function  and  the 
tyrosine-specific phosphorylation of catenins in v-src trans- 
formed cells. It is therefore possible that the tyrosine-specific 
phosphorylation of catenin-cadherin complexes themselves 
might be involved in the inhibition of this cell adhesion sys- 
tem. We cannot, however, exclude the possibility that tyro- 
sine phosphorylation of other cellular components, such as 
vinculin (Sefton et al., 1981), is also involved in perturbing 
the cadherin system. It also should be noted that tyrosine 
phosphorylation of catenins and cadherins was detected only 
in the presence of vanadate in the present study. This finding 
suggests  that phosphatases rapidly dephosphorylate these 
proteins under physiological conditions. A dynamic balance 
of  phosphorylation/dephosphorylation, thus, may play a role 
in cadherin-mediated cell-cell interactions. 
Cadherins and catenins incorporate phosphate into non- 
tyrosine residues even in nontransformed cells (Lagunowich 
and Grunwald, 1991; M. Hamaguchi, N. Matsuyoshi and M. 
Takeichi, unpublished results),  and such phosphorylation 
has not been correlated with the dissociation of epithelial 
colonies induced by scatter factor (Weidner et al.,  1990). 
Therefore, the phosphorylation of nontyrosine residues does 
not seem to be associated with cadherin inhibition. The role 
of v-fos in inducing increased tyrosine-specific phosphoryla- 
tion, found in the present study, is unknown. It would be in- 
teresting to elucidate in the future how the expression of  v-fos 
results in such enhancement of tyrosine phosphorylation. 
We  found other  interesting phenomena  in  the  present 
study, such as a competition between exogenous and endoge- 
nous  cadherin  expressions,  and  an  increased  tyrosine- 
specific  phosphorylation  of  E-cadherin  whose  catenin- 
binding sites were deleted. The former implies that there is 
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rin expression in a cell. In which step does such regulation 
take place during the expression of cadherin molecules? We 
detected a larger size of endogenous cadherin when exoge- 
nous cadherin is overexpressed. This would be a precursor 
cadherin molecule which has remained unprocessed, sug- 
gesting that some posttranslational regulation exists to pre- 
vent cells from overexpressing the mature cadherin polypep- 
tides.  The  increased  tyrosine  phosphorylation  on  the 
E-cadherin with a deletion of the catenin-binding site sug- 
gests  that  phosphorylation  is  regulated  by  interactions 
among different regions of the cytoplasmic domain of this 
molecule. 
Many  of cadherin-positive human  carcinoma cells  can 
metastasize (Shimoyama and Hirohashi, 1991a,b). It is pos- 
sible that the same mechanism as found in this study may 
operate in such human carcinoma and enhance their detach- 
ment from primary tumor sites. Thus, there would be at least 
two  ways  to  inhibit  cadherin-mediated  cell  adhesion  in 
tumors,  downregulation  of cadherin  expression and  bio- 
chemical suppression of the action of cadherins or their as- 
sociated proteins. Both need to be taken into account when 
we consider the possible involvement of cadherins in tumor 
invasion and metastasis. 
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